INTRODUCTION
In the present paper, the relationship of glacier mass balance to its environment is investigated solely based on observed information. The 20th century experienced significant climate change, which also had a profound impact on a number of terrestrial phenomena, such as vegetation (Schwarzenbach, 2000) , surface hydrology (Brutsaert and Parlange, 1998) and cryosphere (Ohmura, 2004) . During the 20th century a number of important observations were initiated that are ongoing. These observations make it possible to evaluate accurately the influence of climate change on glacier mass balance. In the present paper, glaciologically measured mass balance and meteorologically observed climatic elements are brought together, in order to evaluate quantitatively the weight of each climatic element in determining glacier mass balance. Five glaciers in Europe with long seasonal mass-balance observations were chosen. They are, in order of the length of the record: Claridenfirn, Switzerland; Storglaciären, Sweden; Storbreen, Norway; Glacier de Sarennes, France; and Vernagtferner, Austria. The climatic elements chosen are air temperature and solar radiation.
IMPORTANCE OF SEASONAL MASS-BALANCE OBSERVATIONS
Although mass balance has been observed for more than several years on over 100 glaciers, continuous records of >30 years are available only on about 60 glaciers. Winter and summer mass balances are measured only on about 30 of these glaciers. Among these, five glaciers have been selected which have especially long records of high quality. Separate observations of winter and summer mass balances are essential for investigating the effect of climate on glacier mass balance. Annual net mass balance is made up of the winter and summer mass balances. Except for glaciers near the equatorial and arid regions, winter mass balance is influenced largely by solid precipitation, while summer mass balance is largely determined by the melt. Solid precipitation and melt are quite different processes. Further, the former takes place mostly in winter, while the latter is a summer phenomenon. Therefore, having only annual mass balance is of little use if the objective is to investigate the processes between the climate and the mass balance.
Field conditions make it difficult to observe the seasonal mass balance on a long-term basis. Difficult conditions are met during the spring mass-balance observations that separate the annual mass balance into winter and summer mass balances. In some regions of the world the spring operation is nearly impossible due to the heavy accumulation that must be measured. It is hazardous to arrive at the glacier in regions of frequent avalanches. Therefore, one must bear in mind that existing seasonal mass-balance observations are made on glaciers that are easily manageable. The observations may be biased in favour of smaller glaciers with relatively small accumulation.
Since precipitation influences winter mass balance, climatic effects on winter mass balance necessitate a grasp of the time-space distribution of precipitation. This can best be obtained using a General Circulation Model (GCM) or global dataset such as high-resolution re-analyses. Summer mass balance, on the other hand, requires an understanding of the melt process, which requires information from local sources. In the present paper, priority is given to summer mass balance. The subject of winter mass balance or accumulation will be dealt with only when it is local information, such as stake-measured winter mass balance without going into precipitation physics.
It is by now well established that melt is greatly influenced by air temperature. The dominance of air temperature in the melt stems from the fact that the largest energy source for melt is the terrestrial counter-radiation which is to a great extent a matter of temperature (Ohmura, 2001) . The third largest energy source is usually sensible heat flux which is also a function of air temperature. In detail, however, temperature alone fails to explain the long-term variation of the melt. This is because the second largest heat source, solar radiation, also plays a role in the melt. In the following sections the relative importance of solar radiation for the melt will be clarified with respect to temperature.
OBSERVED QUANTITIES AND DATA REDUCTIONS
An observation period of 30 years is considered necessary for understanding the relationship between mass balance and climate. The 30 years since 1975 contain the last phase of the cooling period centred around 1970, and the subsequent modern warming phase. The main characteristics of the glaciers with >30 years of seasonal mass-balance observations are summarized in Table 1 . If the earlier mid-20th-century warm spell is included, >50 years of observations are necessary. The regions with >50 years of observations are limited to Europe, and only four glaciers, Claridenfirn, Storglaciären, Storbreen and Glacier de Sarennes, satisfy this condition. Vernagtferner, with a somewhat shorter observation period (41 years), was also included, as this addition makes the geographical sampling more complete, with glaciers from northern Scandinavia, southern Scandinavia, the western Alps and the eastern Alps.
The mass-balance observation on Claridenfirn was initiated by meteorologists from the Glaciology Commission of the Physics Society of Zürich. The original intention on Claridenfirn was to monitor meteorological precipitation rather than glaciological mass balance. Therefore, only two stakes were installed, both in the accumulation area. The Claridenfirn data were evaluated by Mü ller and Kappenberger (1991) Although the quality of these mass-balance series ranks with the best among the 30 observed glaciers, the number of glaciers selected is rather small. To test their representativeness, their mean annual net mass balance is compared to that of 20 other glaciers in Europe. These glaciers (with the starting hydrological years) are as follows: Å lfotbreen (1962/63), Engabreen (1969/70) , Gråsubreen (1961 /62) Hellstungubreen (1961 /62), Rembesdalsståka (1962 and Storbreen (1948/49) Silvretta (1959/60) in Switzerland. Sixteen of these glaciers have only annual net mass balance. They will be used to test how closely the mass balances of the four selected glaciers match the majority of these glaciers.
There were only two mass-balance observations during the early decades of the 20th century. The longer series, at Claridenfirn, had stakes only in the accumulation area, and so is suited only to investigating long-term trends in winter and summer mass balances, not to discussing the annual mass balance. The other series, at Aletschgletscher, is based on the hydrological balance method.
Air-temperature data are obtained from the following stations in Scandinavia and the Alps: Kjøremsgrende (626 m; starting in 1865) in Norway, and Säntis (2502 m; starting in 1864) and Gran San Bernardo (2479 m; starting in 1817) in the Alps. These stations are considered to be especially suited for the interpretation of the mass balance of glaciers in Europe with respect to glacier proximity and the length of observations. The mean air temperature for the summer months June-August (JJA) was calculated and is presented in Figure 1 . Solar radiation data are provided by the Global Energy Balance Archive (GEBA) which is part of the Baseline Surface Radiation Network (BSRN) archive. BSRN is a project of the World Climate Research Program (WCRP). GEBA contains presently about 260 000 station month energy fluxes that are instrumentally measured at about 1600 sites. The most common flux archived in GEBA is solar radiation of a type called global radiation. Global radiation is the sum of direct solar and diffuse-sky radiation and approximates closely the incoming shortwave radiation on glaciers. There are about 1500 sites with global radiation The green line is the simulation by ECHAM5-HAM T63 for the same region and same months with only greenhouse effect forcing. If the temperature change during the last 150 years had been caused solely by the enhanced greenhouse effect, the temperature history should have followed a similar course to the green curve. In reality, however, the temperature change had large decadal deviations above and below the green curve, including a powerful cooling after 1950, which cannot be explained by the greenhouse effect. 
MASS-BALANCE CHANGE DURING THE 20TH CENTURY
The mean seasonal as well as annual mass balances for Storlaciären, Storbreen, Glacier de Sarennes and Vernagtferner are presented in Figure 3 . The mean seasonal mass balances are calculated for two groups, one with all four glaciers and the other by excluding Vernagtferner. The latter contains 55 years of data, while the former provides only 41 years but with a better geographic coverage. The annual net mass balance is represented by three sets of data. The first is calculated with the four selected glaciers with 41 years of data (blue line). The second is the mean of the three longer series excluding Vernagtferner with 55 years of data (green line), and the third is with all 20 glaciers (brown line). The summer mass balance for Claridenfirn (red line) was added to compare with the mean summer mass balance of the three glaciers (green line). The most important finding of this analysis is the fact that the mean annual and seasonal mass balances calculated with the minimum three glaciers (green lines) closely resemble the trends calculated with all four glaciers. Further, the annual mass balance based on the three glaciers comes very close to the mean involving all twenty glaciers (brown line). Decadal variations of the seasonal and annual mass balances detected in the present study range from 500 to 1000 mm a -1 , which is one order of magnitude larger than the uncertainty of the mean specific mass balances in most observations evaluated by Funk (1985) . These conditions justify the computation of the normalized mass balance for all glaciers involved in the present study with respect to their mean values as the base for normalization. The standard period is defined as the 40 years from 1965/66 to 2004/05, as all annual and seasonal mass balances of the four glaciers are observed without a missing year. The normalized winter, summer and annual mass balances are presented in Figure 4 .
The 1910s and 1920s are characterized by a positive mass balance accompanied by a rather constant winter mass balance and a rapidly increasing melt. As a result, the annual mass balance became negative in the mid-1920s. During the subsequent 80 years it has continued to be negative, but with a rather complex history. The magnitude of the negative mass balance continued growing until the beginning of the 1940s. As more glaciers (Storglaciären, Storbreen and Sarennes) joined the list of mass-balance observations in the late 1940s, it was still strongly negative at about -500 mm. This trend of negative mass balance in the 1940s was caused by the large melt. It was, however, partly enhanced by a decreasing trend of winter accumulation that started in the early 1930s. After 1950 the mass clearly showed an increasing trend towards 1980 as the mass balance reached near-equilibrium for about a decade. This increasing trend lasted for 35 years from the late 1940s to the early 1980s. This tendency was caused by a clear decrease in melt until around 1970 and thereafter by an increasing winter accumulation. It is important to note that the mass balance was increasing towards 1980 even though the melt stayed constant already in the early 1970s. The annual mass-balance zero condition around 1980 was caused by an increase in winter accumulation that levelled off in the early 1990s. The mass balance turns clearly negative in the early 1990s as a result of increasing melt and decreasing winter accumulation. The absolute magnitude and the acceleration of the negative mass balance of the last 10 years are the largest in the entire observational period (70 mm a -2 ). The longest mass-balance observations captured an important course of variation, the initial decreasing trend in the early 20th century with the minimum around 1940 and the maximum around 1980. Its range of fluctuation is about 600 mm a -1
. After 1998 the mass balance entered a period of unparalleled large loss. The ranges of variability for summer Figure 1 represents the air temperature for the glacierized region of Europe, showing a 20 year cold period during the 1910s and 1920s which indicates a warming trend starting in the late 1910s. This is when the oldest mass-balance observation started at Claridenfirn, showing a small ablation but an increasing trend. This warming tendency lasted till 1940 and coincides exactly with the point when the melt rate reached its peak. This agreement between long-term variations in temperature and summer mass balance is remarkable. The decline of the temperature from 1940 to the late 1970s is exactly reflected in the period of decreasing summer mass balance. The subsequent temperature increase starting in the late 1970s and continuing to the present matches the increase in summer ablation during the same period. Besides these long-term agreements between the temperature and ablation, the agreement in short-term variations is also remarkable. The warm summers of 1928, 1947, 1994 and 2003 all coincide with the years with exceptionally large melt. The cooler summers of 1918, 1940, 1955 and 1977 
RELATIONSHIP TO CLIMATE CHANGE Air temperature

Global radiation
The fact that global radiation in Europe showed a substantial change over the course of the 60 years between the 1920s and 1980s by a range of almost 20 W m -2 was first reported by Ohmura and Lang (1989) . This finding was duplicated later by Liepert and others (1994) . Subsequently, it was also found that the long-term variation of about 10 W m -2 indeed occurred globally (Stanhill and Moreshet, 1992) . In Europe, global radiation generally increased from the beginning of the observation in the early 1920s until the 1950s when it reached the century's highest value. The increase during this period is 20 W m -2 . After the late 1950s, global radiation decreased for 30 years until the late 1980s. The decrease observed during this period is 10 W m -2 . During the last 15 years, global radiation has recovered somewhat, but without reaching the 1950s level. The decreasing phase from the mid-1950s to the mid-1980s subsequently became known as 'global dimming', and the increasing phase after the 1980s as 'global brightening'. This long-term variation of global radiation is explained by the direct and indirect radiative effects of aerosol (Ohmura, 2006) . The decadal means of global radiation are 129, 119 and 123 W m -2 , respectively, for the peak period of the 1950s , the darkest period of dimming and the recovering last 10 years (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . These decadal variations in solar radiation are larger than the expected increase in terrestrial counter-radiation of 4 W m -2 by doubling CO 2 , and must have a profound effect on glacier melt. This analysis requires a set of data on mass balance, temperature and radiation, obtained in close proximity to each other. Claridenfirn was chosen as the site for a pilot study for the relationships among these three elements, as it has Säntis and Davos nearby where air temperature and global radiation are observed within 80 km.
Long-term melt on Claridenfirn
Summer mass-balance measurement on Claridenfirn has been carried out since 1915, giving 91 years of continuous observations. The Säntis meteorological observatory, which is located at 2502 m a.s.l., corresponding to the long-term equilibrium-line altitude of Claridenfirn, has continuous meteorological records since 1864. The Davos physical and meteorological observatory has kept detailed radiation measurements since the beginning of the 20th century, including global radiation starting in 1935.
In the course of the last 90 years, the decadal mean of summer ablation has increased from about 1285 to 1550 mm a -1 , at a rate of 2.9 mm a -2 as presented in Figure 5 . The actual course of the change, however, is not a simple monotonic function but resembles a wave function with 70 year period overlapping an increasing trend. During the 1910s when the mass-balance measurement started, the smallest mean ablation was about 1000 mm a summer ablation, while the remaining 72% is due to temperature change. Vincent (2002) reports that >60% of the summer ablation on four French glaciers was due to temperature change. The unprecedented mass loss of the last 15 years is caused by a combination of the ongoing enhanced greenhouse effect of terrestrial radiation and the global brightening of solar radiation that started in the late 1980s.
CONCLUSION
The analysis based on four long-term annual and seasonal mass-balance records and sixteen additional annual net mass-balance only observation series shows that the annual net mass balance of glaciers in Europe was very likely positive at the beginning of the 20th century. It turned negative in the mid-1920s for the next 80 years. The annual mass balance reached a minimum around 1940, and then recovered towards 1980, when the glaciers were almost at equilibrium for about 10 years. The mass loss began in the late 1980s and has accelerated to the present. The acceleration of the net loss during the last 10 years (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) ) is 70 mm a -2 , and at the end of the 20th century the annual mass balance entered the era of the largest loss of the century, culminating in 1050 mm a -1 in the 2004/05 balance year. The decadal change in mass balance is more influenced by the change in summer mass balance. The change in summer mass balance is regulated to 72% by air temperature, but the remaining 28% is steered by variations in global radiation which are affected by the change in aerosol content of the atmosphere. Glacier variations registered the effects of increasing temperature and fluctuating solar global radiation in the course of the 20th century, clearly reflecting the consequences of the enhanced greenhouse effect and the aerosol changes.
